This report summarizes phase 1 studies that evaluated pharmacokinetic interactions between the novel triazole antifungal agent isavuconazole and the immunosuppressants cyclosporine, mycophenolic acid, prednisolone, sirolimus, and tacrolimus in healthy adults. Healthy subjects received single oral doses of cyclosporine (300 mg; n = 24), mycophenolate mofetil (1000 mg; n = 24), prednisone (20 mg; n = 21), sirolimus (2 mg; n = 22), and tacrolimus (5 mg; n = 24) in the presence and absence of clinical doses of oral isavuconazole (200 mg 3 times daily for 2 days; 200 mg once daily thereafter). Coadministration with isavuconazole increased the area under the concentration-time curves (AUC 0-Ý ) of tacrolimus, sirolimus, and cyclosporine by 125%, 84%, and 29%, respectively, and the AUCs of mycophenolic acid and prednisolone by 35% and 8%, respectively. Maximum concentrations (C max ) of tacrolimus, sirolimus, and cyclosporine were 42%, 65%, and 6% higher, respectively; C max of mycophenolic acid and prednisolone were 11% and 4% lower, respectively. Isavuconazole pharmacokinetics were mostly unaffected by the immunosuppressants. Two subjects experienced elevated creatinine levels in the cyclosporine study; most adverse events were not considered to be of clinical concern. These results indicate that isavuconazole is an inhibitor of cyclosporine, mycophenolic acid, sirolimus, and tacrolimus metabolism.
of transplant patients. Cyclosporine, prednisolone (the active metabolite of prednisone), sirolimus, and tacrolimus are substrates of cytochrome P450 (CYP) 3A4. [3] [4] [5] Previous studies indicate that the triazole antifungal agents fluconazole, voriconazole, itraconazole, and posaconazole are inhibitors of CYP3A4, 6 and all have been shown to inhibit the metabolism of cyclosporine, sirolimus, and tacrolimus, while voriconazole also inhibits prednisolone metabolism (see VFEND R package insert). By contrast, mycophenolic acid (MPA; the active agent of MMF) is metabolized via the uridine diphosphate glucuronosyltransferase (UGT) pathway. 3 Drug interactions between the triazoles and MPA have not been well studied in clinical trials; fluconazole is a known inhibitor of UGT, 6 and isavuconazole is an inhibitor of UGT (data on file), whereas coadministration with voriconazole does not affect the metabolism of MPA (see VFEND package insert).
On the basis of the results of phase 3 clinical trials, 7, 8 isavuconazonium sulfate, the prodrug of the broad-spectrum triazole antifungal agent isavuconazole, was approved in 2015 by the US Food and Drug Administration for the treatment of adults with invasive aspergillosis and with invasive mucormycosis, and by the European Medicines Agency for the treatment of adults with invasive aspergillosis and with mucormycosis when amphotericin B is inappropriate. Isavuconazole is a sensitive substrate and moderate inhibitor of CYP3A4. 9 In human liver microsomes expressing CYP3A4 in vitro, 66.2% of isavuconazole was metabolized (data on file). The inhibitory constants (K i ) of isavuconazole with the CYP3A4 substrates midazolam and testosterone in human liver microsomes were 0.62 and 1.93, respectively. The UGT pathway is also involved in isavuconazole's metabolism (manuscript in preparation), and isavuconazole is a mild inhibitor of UGT (in human liver microsomes, IC 50 for 17β-estradiol 3-glucuronidation [UGT1A1], 9.0 μmol/L; propofol glucuronidation [UGT1A9], 19 μmol/L; morphine 3-glucuronidation [UGT2B7], 44 μmol/L; data on file). With recommended clinical dosing (200 mg 3 times daily for 2 days, then 200 mg daily), the maximum plasma concentrations observed are typically <7 μg/mL (data on file), and so values of IC 50 or K i ࣘ16 μmol/L in vitro may suggest potential for drug-drug interactions in vivo (isavuconazole molecular weight 437.47 g/mol). This report summarizes 5 clinical studies conducted in healthy subjects to assess the pharmacokinetic (PK) interactions between isavuconazole and the CYP3A4 substrates cyclosporine, prednisolone, sirolimus, and tacrolimus, and the UGT substrate MPA.
Methods

Study Design
All clinical study protocols were approved by the Institutional Review Board for each study site (cyclosporine, sirolimus, and tacrolimus studies, Independent Investigational Review Board, Inc., Plantation, Florida; mycophenolate mofetil and prednisone studies, Aspire IRB, LLC, Santee, California). The studies were conducted in accordance with the ethical principles that have their origin in the Declaration of Helsinki, Good Clinical Practice, International Conference on Harmonisation guidelines, and applicable laws and regulations. Signed Institutional Review Board-approved written informed consent was obtained from all subjects prior to any study-related procedures.
The Healthy, medication-free adult male and female subjects, aged 18-55 years old, who weighed ࣙ45 kg, and with a body mass index of 18-32 kg/m 2 were included in these studies.
Dosing and Sampling Schedules
Dosing information is expressed as the isavuconazole equivalent of the prodrug: oral capsules each contained isavuconazonium sulfate 186 mg, equivalent to isavuconazole 100 mg. The clinically targeted oral dose of isavuconazonium sulfate 372 mg (equivalent to isavuconazole 200 mg) 3 times a day loading dose (TID), followed by 372 mg once daily (QD) was used in the studies. Only the active metabolite isavuconazole is referred to hereafter. Cyclosporine. Subjects were screened between days -28 and -2 and checked in at the study center on day -1, where they remained until day 5 and from days 10 to 19. Subjects returned to the study center on day 25 (±2 days) for a follow-up assessment.
On day 1, subjects received a single oral dose of cyclosporine 300 mg. Following a 10-day washout, subjects received an oral loading dose of isavuconazole 200 mg TID on days 11 and 12, followed by 200 mg QD on days 13 to 18 ( Figure 1A) . A single oral dose of cyclosporine 300 mg was also administered to subjects on day 15. Subjects were administered both doses of cyclosporine while fasting (at least 10 hours prior to dosing and 4 hours after dosing). Isavuconazole was administered immediately following cyclosporine on day 15. Mycophenolate Mofetil. After screening (day -28 to -2), subjects checked in at the study center on day -1, where they remained until day 5 and again from day 8 until day 17. Subjects returned to the study center on day 24 (±2 days) for a follow-up assessment.
On day 1 of the study subjects received a single oral dose of MMF 1 g, followed by a 7-day washout period. Subjects then received an oral loading dose of isavuconazole 200 mg TID on days 9 and 10, followed by 200 mg QD on days 11 to 16 ( Figure 1B ). On day 13 subjects received a single oral dose of MMF 1 g concurrently with isavuconazole. Subjects were administered both doses of MMF while fasting (at least 10 hours prior to dosing and 4 hours after dosing). Isavuconazole was administered immediately following MMF on day 13.
Blood samples were collected for PK analysis of MPA and its metabolite, mycophenolic acid phenyl glucuronide (MPAG), on days 1 and 13 at predose and at 0. 5 Prednisolone. Subjects were screened from day -28 to -2 and checked in at the study center on day -1, where they remained until day 11. A follow-up visit was conducted at the study center on day 18 (±2 days).
On day 1, subjects received a single oral dose of prednisone 20 mg (prodrug of prednisolone). Following a 4-day washout period, subjects received an oral loading dose of isavuconazole 200 mg TID on days 5 and 6, followed by 200 mg QD on days 7 to 10 ( Figure 1C ). On day 9, subjects received a single oral dose of prednisone 20 mg with isavuconazole. Subjects were administered both doses of prednisone while fasting (at least 10 hours prior to dosing and 4 hours after dosing). Isavuconazole was administered immediately following prednisone on day 9.
Blood samples were collected for PK analysis of prednisone and its active metabolite prednisolone on days 1 and 9 at predose and at 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 16, 20, 24, and 48 hours postdose. Samples were also collected for PK analysis of isavuconazole on days 8 and 9 at predose and at 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 16, 20, and 24 hours postdose.
Sirolimus. Following screening (day -28 to day -2), subjects checked in at the study center on day -1, where they remained until day 4 and from day 21 to day 35. Subjects returned for a follow-up assessment on day 41 (±2 days).
On day 1 subjects received a single dose of oral sirolimus 2 mg. After a 21-day washout, subjects received a loading dose of oral isavuconazole 200 mg TID on days 22 and 23, followed by 200 mg QD on days 24 to 34 ( Figure 1D ). On day 26, subjects received a single dose of oral sirolimus 2 mg in addition to isavuconazole. Subjects were administered both doses of sirolimus while fasting (at least 10 hours prior to dosing and 4 hours after dosing). Isavuconazole was administered immediately following sirolimus on day 26.
Blood samples were collected for PK analysis of sirolimus on days 1 and 26 at predose and at 0.25, 0. Tacrolimus. Subjects were screened between days -28 and -2 and checked in at the study center on day -1. Following check-in, subjects remained in the study center until day 5 and between days 15 and 29. Subjects returned to the study center on day 35 (±2 days) for a follow-up assessment.
On day 1, subjects received a single oral dose of tacrolimus 5 mg. Following a 15-day washout, subjects received an oral loading dose of isavuconazole 200 mg TID on days 16 and 17, followed by 200 mg QD on days 18 to 28 ( Figure 1E) . A single oral dose of tacrolimus 5 mg was also administered to subjects on day 20. Subjects were administered both doses of tacrolimus while fasting (at least 10 hours prior to dosing and 4 hours after dosing). Isavuconazole was administered immediately following tacrolimus on day 20.
Blood samples were collected for PK analysis of tacrolimus on days 1 and 20 at predose and at 0.25, 0. 
Pharmacokinetic Assessments
Plasma or whole-blood concentrations of all analytes were measured by liquid chromatography-mass spectrometry/mass spectrometry (see Supplementary Data S1 for methods). The primary PK variables for the immunosuppressive agents were area under the concentration-time curve (AUC) from time 0 to infinity (AUC 0-Ý ), AUC from time of dosing to time of last measurable concentration (AUC last ), and maximum drug concentration (C max ). Secondary variables included time to C max (t max ), apparent volume of distribution (V z /F), apparent body clearance after dosing (CL/F), and elimination half-life (t 1/2 ). Because the reversible conversion of the prodrug prednisone to prednisolone results in wide interindividual variability in V z /F and CL/F, those parameters were not measured for prednisolone. Cyclosporine, sirolimus, and tacrolimus parameters were measured in whole blood. Prednisone, prednisolone, MPA, and MPAG were measured in plasma. For isavuconazole, area under the plasma concentration-time curve for a dosing interval (AUC τ ), C max , and t max were calculated. 
Safety Assessments
Treatment-emergent adverse events (TEAEs) were assessed throughout the studies. Other safety assessments included vital-sign measurements, 12-lead electrocardiograms, clinical laboratory testing (hematology, chemistry, and urinalysis), and physical examinations.
Statistics
Descriptive statistics were used to summarize demographics, baseline characteristics, and TEAEs for all patients who received ࣙ1 dose of study drug. Pharmacokinetics were assessed in all subjects who received ࣙ1 dose of study drug and with PK data sufficient for calculation of ࣙ1 primary PK parameter. Levels of analyte below the level of quantification were entered as 0 for calculations. For PK assessments, log-transformed AUC and C max values were analyzed using a mixed-effects model with treatment as a fixed effect and subject as a random effect. Treatment was defined as coadministration with an immunosuppressive agent plus isavuconazole and administration of the immunosuppressive agent alone. Results are presented as 90% confidence intervals (CIs) constructed around the geometric least-squares mean ratios of PK parameters measured during dosing with an immunosuppressive agent plus isavuconazole vs dosing with the immunosuppressive agent alone. Pharmacokinetics were assessed using noncompartmental analysis with Phoenix R WinNonlin R version 5.2.1 or higher (Certara USA, Inc., Princeton, New Jersey). All data processing, summarization, and analyses were performed using SAS R version 9.1 (Statistical Analysis Software, Cary, North Carolina). Statistical analysis of isavuconazole and prednisone PK was not prespecified or performed in the prednisone study.
Results
Pharmacokinetics
Cyclosporine. Twenty-four healthy subjects were enrolled and 19 completed the cyclosporine study. Demographics and baseline characteristics are shown in Table 1 . Mean AUC 0-Ý , AUC last , and C max values for cyclosporine were 29%, 29%, and 6% higher, respectively, in the presence vs absence of isavuconazole (Tables 2 and 3 ; Figure 2 ). The PK of isavuconazole is shown in Table 4 . The mean C max of isavuconazole was 30% higher in the presence vs absence of cyclosporine, whereas the mean AUC τ was 3% higher.
Mycophenolic Acid. Twenty-four healthy subjects were enrolled and 21 completed the MMF study. Demographics and baseline characteristics are shown in Table 1 . Mean AUC 0-Ý and AUC last values for MPA were 35% and 32% higher, respectively, whereas C max was 11% lower, in the presence vs absence of isavuconazole (Tables 2 and 3 ; Figure 2 ). AUC 0-Ý , AUC last , and C max values for MPAG PK were 24%, 27%, and 32% lower, respectively, in the presence vs absence of isavuconazole (Supplementary Tables S1, S2 ). The PK of isavuconazole is shown in Table 4 . The mean C max of isavuconazole was increased by 4% by coadministration with MMF, whereas the mean AUC τ was unchanged.
Prednisolone. Twenty-one healthy subjects were enrolled and 20 completed the prednisone study. Demographics and baseline characteristics are shown in Table 1 . Mean AUC 0-Ý and AUC last values for prednisolone were 8% higher, whereas C max was 4% lower, in the presence vs absence of isavuconazole (Tables 2 Table 2 . Figure 2 ). The PK of prednisone is shown in Supplementary Table S1 . The PK of isavuconazole is shown in Table 4 . The C max of isavuconazole was approximately 26% higher in the presence versus absence of prednisilone, whereas AUC τ was virtually unchanged (mean differences not calculated).
Sirolimus. Twenty-two healthy subjects were enrolled and 21 completed the sirolimus study. Demographics and baseline characteristics are shown in Table 1 . Mean AUC 0-Ý , AUC last , and C max values for sirolimus were 84%, 108%, and 65% higher, respectively, in the presence vs absence of isavuconazole (Tables 2 and 3 ; Figure 2 ). The PK of isavuconazole is shown in Table 4 . The mean AUC τ and C max of isavuconazole were 11% and 4% higher in the presence of sirolimus.
Tacrolimus. Twenty-four healthy subjects were enrolled and 20 completed the tacrolimus study. Demographics and baseline characteristics are shown in Table 1 . Mean AUC 0-Ý , AUC last , and C max values for tacrolimus were 125%, 127%, and 42% higher, respectively, in the presence vs absence of isavuconazole (Tables 2 and 3 ; Figure 2 ). The PK of isavuconazole is shown in Table 4 . The mean AUC τ and C max of isavuconazole were 12% and 26% higher in the presence of tacrolimus.
Safety
No serious TEAEs occurred during any of the studies. The most common TEAEs in the cyclosporine study were headache (n = 8), nausea (n = 8), feeling hot (n = 6), dizziness (n = 4), diarrhea (n = 4), and abdominal discomfort (n = 4) (Supplementary Table S3 ). Two subjects discontinued due to TEAEs of increased creatinine during isavuconazole-only administration, which was considered to be possibly related to treatment by the study investigator. In 1 subject, blood creatinine increased from 0.9 mg/dL on day -1 to 1.4 mg/dL on day 15. The second subject had high levels of creatinine at baseline (1.3 mg/dL), which increased to 1.4 mg/dL by day 14. One subject discontinued due to TEAEs of increased blood pressure and heart rate during cyclosporine-only administration, which was also considered as possibly related to study treatment. Two additional subjects discontinued during cyclosporineonly administration due to TEAEs that were considered unrelated to cyclosporine.
The most common TEAEs in the MMF study were hot flush (n = 4) and headache (n = 3) (Supplementary Table S4 ).
In the prednisone study the most common TEAEs were headache (n = 4) and diarrhea (n = 4) (Supplementary Table S5 ). One subject discontinued the study early due to a TEAE of intermittent diarrhea of moderate intensity during isavuconazole alone administration, which was considered to be probably related to treatment. The most common TEAEs in the sirolimus study were feeling hot (n = 5) and somnolence (n = 4) (Supplementary Table S6 ). No TEAEs resulted in discontinuation during either study.
Last, the most common TEAEs in the tacrolimus study were feeling hot (n = 10), headache (n = 6), and dizziness (n = 5) (Supplementary Table S7 ). Four subjects discontinued treatment due to TEAEs: 3 of those subjects experienced mild TEAEs during tacrolimus alone, which were considered unrelated to the study treatments, and 1 subject experienced sensations of warmth, intermittent flushing, and tingling of the lips during tacrolimus plus isavuconazole coadministration, which were considered probably related to treatment.
Discussion
Five phase 1 studies were conducted in healthy volunteers to evaluate the PK and safety effects of isavuconazole coadministration with the immunosuppressants cyclosporine, MMF, prednisone, sirolimus, and tacrolimus. Coadministration of the clinically targeted dose of isavuconazole with the immunosuppressants revealed a varied drug-interaction profile that ranged from mild to moderate inhibition in healthy adults.
All triazoles have been shown to inhibit the metabolism of cyclosporine, sirolimus, and tacrolimus. 6 Fluconazole is a moderate inhibitor of CYP3A4 and has been found to increase cyclosporine exposure by 2-to 3-fold when the 2 agents are coadministered, compared with cyclosporine alone. 6 In addition, blood levels of sirolimus are reported to be approximately 3-to 5-fold higher in the presence vs the absence of fluconazole, 6 and dose reductions of ß50% for tacrolimus may be required for the safe coadministration of fluconazole. 10, 11 Monitoring of patients and possible dose adjustment of cyclosporine, sirolimus, and tacrolimus are recommended when these immunosuppressants are coadministered with fluconazole (see DIFLUCAN R package insert). Voriconazole, itraconazole, and posaconazole are strong inhibitors of CYP3A4 and display pronounced interactions with cyclosporine, sirolimus, and tacrolimus (Table 5 ). For example, the mean AUC of sirolimus was 11-fold higher during coadministration with oral voriconazole in healthy male subjects, compared with sirolimus alone (VFEND package insert). As a result, labeling information indicates that coadministration of voriconazole and sirolimus is contraindicated. Owing to potential increases in exposure to cyclosporine (C max , 30% increase; AUC τ , 3% increase), sirolimus (C max , 4% increase; AUC τ , 11% increase), and tacrolimus (C max , 26% increase; AUC τ , 12% increase) in patients coadministered with isavuconazole, therapeutic drug monitoring of the immunosuppressants is recommended, and dose adjustments of cyclosporine, sirolimus, and tacrolimus may be necessary. The UGT pathway is involved in the secondary metabolism of isavuconazole following metabolism by CYP3A4 and CYP3A5, and a number of its metabolites are glucuronidated (manuscript in preparation). Isavuconazole is also a mild inhibitor of UGT enzymes in vitro (data on file), and so the increase in MPA exposure observed in the MMF study is the result of UGT inhibition by isavuconazole. By comparison, coadministration with voriconazole has no significant effect on MPA AUC (VFEND package insert), whereas studies of coadministration of MMF with fluconazole, itraconazole, and posaconazole have not been reported. The principal adverse events associated with MMF are diarrhea, leukopenia, sepsis, vomiting, and a higher frequency of opportunistic infection as well as an increased risk of lymphoma and other malignancies, particularly of the skin (see CELLCEPT package insert). Therefore, it is recommended that patients given MMF with concomitant isavuconazole be monitored for MPA-related toxicities.
There was little change to the AUC of prednisolone when prednisone and isavuconazole were given together, indicating the absence of a clinically relevant interaction between these 2 agents. Similar findings have been reported for itraconazole and prednisolone coadministration. 12 By contrast, voriconazole has demonstrated weak inhibition of prednisolone metabolism. There are no published PK studies of fluconazole or posaconazole coadministration with prednisone.
Coadministration with the immunosuppressive agents in the current studies was associated with minimal changes to the PK of isavuconazole itself. Changes to isavuconazole PK were not considered to be clinically relevant and were within the range identified in population PK studies of isavuconazole. 9 In this series of studies there were no serious TEAEs, and few subjects discontinued due to TEAEs. Two subjects in the cyclosporine study experienced elevated creatinine levels that were considered to be possibly related to the study treatments. In summary, these findings indicate that clinical doses of isavuconazole can be administered together with a number of immunosuppressive agents likely to be used in transplant patients at risk of fungal infections. The degree of interaction between isavuconazole and the immunosuppressive agents under investigation appears to be less than that reported for other triazole antifungal agents. This is also consistent with the moderate CYP3A4 inhibition demonstrated in an accompanying study. 9 However, attention to systemic drug levels and possible dose adjustments are likely to be necessary for cyclosporine, sirolimus, and tacrolimus in patients given concomitant isavuconazole to ensure that therapeutic concentrations are maintained and adverse pharmacodynamic effects are avoided. In addition, patients given MMF with isavuconazole should be monitored for potential MPA-related adverse reactions.
